Abstract RNA interference (RNAi) is considered a highly specific approach for gene silencing and holds tremendous potential for treatment of various pathologic conditions such as cardiovascular diseases, viral infections, and cancer. Although gene silencing approaches such as RNAi are widely used in preclinical models, the clinical application of RNAi is challenging primarily because of the difficulty in achieving successful systemic delivery. Effective delivery systems are essential to enable the full therapeutic potential of RNAi. An ideal nanocarrier not only addresses the challenges of delivering naked siRNA/miRNA, including its chemically unstable features, extracellular and intracellular barriers, and innate immune stimulation, but also offers "smart" targeted delivery. Over the past decade, great efforts have been undertaken to develop RNAi delivery systems that overcome these obstacles. This review presents an update on current progress in the therapeutic application of RNAi with a focus on cancer therapy and strategies for optimizing delivery systems, such as lipid-based nanoparticles.
Introduction
RNA interference (RNAi) is the biologic process by which RNA molecules induce sequence-specific inhibition of target gene expression or translation [1] . RNAi was demonstrated to occur in mammalian cells in 2001 [2] . Rapid development in the study of RNAi has driven it from an experimental technology to a powerful tool for therapeutic development. In 2010, the first case of systemic targeted delivery of small interfering RNA (siRNA)-nanoparticles was reported, providing a solid foundation for the clinical application of RNAi [3] . In recent years, RNAi has become more widely applied in gene silencing and drug development because of its high level of specificity, minor side effects, and ease of synthesis [4] .
Non-coding RNAs (ncRNAs) are non-protein-coding transcripts that guide multiple functions, such as gene silencing, DNA imprinting, and demethylation [5] . A growing number of ncRNAs have been discovered and implicated in gene regulation and RNA processing [6] . Generally, ncRNAs are divided into small regulatory ncRNAs and long ncRNAs [7] . The small ncRNAs, which could interfere with the translation of target mRNA transcript, are the cleavage product of dsRNA, named siRNA and microRNA (miRNA). Synthetic siRNA can trigger silencing of target genes without disturbing endogenous mRNA pathways. MicroRNAs (miRNAs) are a class of natural RNAs that play a role in regulating cell differentiation, proliferation, and survival, resulting in mRNA translational inhibition or degradation [8] .
The sequence-specific silencing of cognate genes by RNAi can be triggered by siRNA, short hairpin RNA (shRNA), miRNA, as well as other ncRNAs such as long ncRNAs and pyknons. RNA-induced silencing complex (RISC), a multiprotein complex, is the core intermediate for the degradation and translational inhibition of target mRNA. Briefly, the process is started by breaking down long double-strand RNA (dsRNA) and complex hairpin precursors into shorter duplexes or siRNA by Dicer, an endoribonuclease [5] . The siRNAs are then loaded into RISC. Once incorporated, double-stranded siRNA is split into passenger and guide strands. The former is then degraded and released, and the RISC is activated to catalyze the guide strand to bind with target sequences. The bound mRNA is then cleaved and degraded by cellular nucleases, resulting in inhibition of target gene expression. Unlike siRNA, the use of shRNA is mostly viral vector based. The RNA sequence of shRNA has a tight hairpin structure, and it is transcribed by RNA polymerase III or modified polymerase II. In cells with lower Dicer levels, gene silencing with shRNA could be impaired. Because of the promoter-dependent expression feature, shRNAs must interact with chromosomal DNA to work [9] . Moreover, shRNAs act in the nucleus, which poses additional challenges to its use.
MiRNAs are single-stranded RNAs transcribed by RNA polymerase II and III [10] . After transcription, the primary miRNA (pri-miRNA) with a hairpin loop structure is generated. It is processed into precursor (pre)-miRNA by the Drosha-DGCR8 complex, then cleaved by Dicer. A duplex of about 22 nucleotides, which is the mature functional miRNA, is generated from the pre-miRNA. The double-stranded miRNA is then incorporated into RISC so that the guide strand is maintained and binds to the mRNA. Unlike siRNA, which displays complementary binding, miRNA binds to its target sequence imperfectly [10] . A single miRNA sequence can bind to hundreds of mRNA sequences. With a precise match, the miRNA sequences can induce endonucleolytic cleavage, which results in mRNA degradation; whereas with an imperfect match, it could regulate translation, leading to inhibition of mRNA expression.
Therapeutic applications of RNAi

Advantages of RNAi as a therapeutic
Therapeutic approaches such as small-molecule inhibitors and monoclonal antibodies targeting identical proteins have been successful in many cases [11, 12] . However, relatively few of these drugs are available, in part because identification of specific agents to disrupt protein function has been challenging [13, 14] . Small-molecule inhibitors can act over multiple targets, while siRNAs have high specificity in a sequencespecific manner [15] .
RNAi overcomes these difficulties by targeted silencing of genes of interest. Regulatory ncRNAs have been demonstrated to either enhance or repress target gene expression, and abnormal expression of ncRNAs is a crucial component in the pathogenesis of cancer and other human disorders [10] . In most pathologic conditions, the expression or function of certain genes is impaired, and miRNAs are deregulated in many diseases, including hepatitis, cardiovascular diseases, and cancer [16, 17] . Therefore, RNAi could be applied as a therapeutic to provide transcription-suppressive factors, subsets of kinases, and other signaling molecules to restore the expression of these impaired genes. In a single target cell, several copies of siRNA can regulate target gene expression. Compared with small-molecule or antibody-based drugs, the major advantage of siRNA is the restricted choice of targets determined by complementary base pairing. The RNAi-based strategy also benefits from developments in whole-genome sequencing. Comprehensive nucleotide sequence databases have been established, laying a solid foundation for the investigation of RNAi-based drugs [18, 19] . Some of them have been moved into clinical trials (Fig. 1) . Interest has also grown for therapies aimed at restoring ncRNA expression [20] .
Diseases treatable by RNAi
Cancer
Oncogenes, tumor suppressor genes, and other regulatory genes are all potential targets of RNAi regulation. Targeted silencing of cancer-related genes and their regulators have been the most commonly studied [21, 22] . For instance, leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5) is a marker for gastric cancer, and silencing of Lgr5 can inhibit cancer angiogenesis [23] . In a recent study, angiogenesis in osteosarcoma was inhibited by siRNA against hypoxia-inducible factor (HIF)-1α [24] . RNAi could also be useful for addressing the problem of drug resistance induced by VEGF inhibitors. For example, Kim et al. found that siRNA targeting VEGF in combination with bevacizumab relieved resistance to bevacizumab and successfully extended the effects of conventional anti-VEGF treatment options [25] .
Deregulation of miRNA is frequently involved in many types of cancer. Strong evidence has shown that eukaryotes contain more ncRNAs than protein-coding genes [26] . Therefore, the opportunity to identify new diagnostic and prognostic markers and therapeutics is substantially expanded. Circulating miRNA levels could represent promising biomarkers for early detection and diagnosis of carcinoma [27] [28] [29] . For example, the miR-200 family, acting as key inhibitors of epithelial-to-mesenchymal transition, could suppress cell proliferation by inhibiting self-renewal and differentiation of cancer stem cells and modulating cell division and apoptosis and thus have potential prognostic value in human malignancies including gastric, breast, and endometrial cancers [30] [31] [32] [33] . MiRNAs could also predict sensitivity to chemotherapy and radiotherapy in a personalized manner [34, 35] . Preclinical study of therapeutic miRNA mimics and molecules targeting miRNAs (anti-miRs) have shown promising results [36] .
In recent years, a number of RNAi-based drugs have been successfully validated by in vivo models and introduced into clinical trials. With the development of clinically relevant delivery methods, a number of clinical trials using systemically delivered RNAi are ongoing, many of which are focused on cancer ( Table 1) .
The advantages of RNAi in cancer therapy are effective suppression of the growth of advanced-stage tumors, relatively low cost, and high specificity. RNAi can inhibit multiple genes of various pathways simultaneously, which could be conducive to reducing drug resistance. For example, Guan et al. found that inhibition of SH3GL1 using siRNA could reverse MDR by decreasing P-glycoprotein expression via the EGFR/ERK/AP-1 pathway [37] . With the development of more effective delivery systems, RNAi could also be used to develop personalized drugs for specific patients [38, 39] as adjuvants to chemotherapy.
Viral infection
Shortly after the discovery of RNAi, synthetic siRNAs were recognized as a potential alternative to traditional antiviral therapy, which limits viral infection via direct silencing of viral genes or host-directed viral target genes regulating cellular defense function [40, 41] . Because a virus depends on the replication of a limited set of viral genes, RNAi may be ideal for treating viral infection [42] . For example, both siRNA and miRNA have demonstrated efficient inhibition of viral replication from different subtypes of HIV [43, 44] . Drug-resistant mutants of HIV may be generated in response to almost all currently used anti-HIV agents; RNAi could avoid this resistance by targeting the mutated genomes [45, 46] . The advanced targeted delivery of RNAi offers a practical way to protect uninfected cells and reverse drug resistance by introducing multiple silencers into infected cells [47] .
Some of the earliest work using siRNA targeting respiratory syncytial virus [48] represent a well-developed study against viral infection, and several preclinical and clinical trials have demonstrated its safety and tolerance [49, 50] . New strategies such as second-generation siRNAs against the paramyxoviral RNA polymerase large subunit and a siRNA cocktail against influenza virus have also been applied [51] . In a recent study using dual-targeting siRNAs, which can knock down the expression of mRNA and viral genomic RNA simultaneously with its two active strands, the replication of respiratory syncytial virus was more effectively inhibited [52] .
Patients with any of the three principal types of hepatitis can benefit from RNAi-based therapy. Because of the compact genome structure of the hepatitis B virus (HBV), which has overlapping regions, a single siRNA can silence multiple transcripts, resulting in direct inhibition of HBV replication [53] . RNAi can reduce viral load by knocking down the expression of pregenomic RNA, eliminating the viral proteins. In addition, RNAi can stimulate a strong immune response, which can further amplify response to treatment [54] . To prevent the emergence of escaped mutant virus, a mixture of several HBVsiRNAs delivered by a pH-sensitive multifunctional envelopetype nanodevice was recently established and proved more effective than a reverse transcriptase inhibitor in a mouse model [55] . With regard to hepatitis C virus, which has a much more complicated life cycle than HBV [56] , miRNAs could not only inhibit viral replication but also function as biomarkers for the IV intravenous, LNP lipid nanoparticles, PBMCs peripheral blood mononuclear cells, EUS endoscopic ultrasound early detection and staging of liver disease related to hepatitis C, including liver cirrhosis and hepatocellular carcinoma [57, 58] . Both serum and exosomal miRNA levels can predict the therapeutic efficacy of miRNAs against hepatitis C virus [59] . One of the most well-studied miRNA targets is miR-122 [60] , a highly abundant, liver-specific miRNA expressed in vertebrates that could facilitate replication of infectious virus in hepatic cells. The miR-122-specific inhibitor Miravirsen is the first miRNAtargeted antiviral drug that has undergone a phase II clinical trial, which prolonged HCV RNA reduction in a dose-dependent manner without evidence of resistance [61] .
Cardiovascular disease
Dysregulation of genes and miRNAs in cardiomyocytes and smooth muscle cells has been demonstrated in many cardiovascular diseases [62] . Targeted delivery of miRNA therapeutics has been applied to several cardiomyopathies and related pathologies, such as hypertension, coronary disease, and atherosclerosis [63, 64] . Although delivering miRNA to cardiac tissue is very challenging, interesting results have been obtained over the years, such as short peptide Arg-Glu-Asp-Val (REDV)-modified PEG-trimethyl chitosan and nanofiber [65, 66] . Studies have also suggested the potential of miRNAs as biomarkers in cardiovascular disease [67] for diagnosis and for predicting disease course or response to therapy [68] .
Diabetes
A number of deregulated miRNAs have been linked to pathways associated with the metabolic process, including insulin secretion and pancreatic β-cell and adipocyte differentiation [69, 70] . MiRNAs could be a key player in the molecular processes of type 2 diabetes mellitus and the associated complications. Meanwhile, since some miRNAs can direct cell differentiation toward β-cell-like cells and control islet β-cell development, it has been suggested that these miRNAs can help repair impaired islet β cells [71] . Promising results have been achieved using miRNA mimics or inhibitors to treat diabetes mellitus and its complications [72, 73] . In addition, circulating microRNAs could function as biomarkers for the risk of diabetes mellitus [74, 75] , especially gestational diabetes [76] .
RNAi in stem cell therapy
Stem cells have attracted a great deal of interest and shown potential both as a cellular therapy and as targets for RNAi. RNAi has been used to enhance the therapeutic effects of mesenchymal stem cells in several diseases, and RNAi-based functional modification is one such approach [77] . The migration or homing properties of stem cells can be regulated by miRNAs [78] , and modification of miRNA could enhance the efficacy of mesenchymal stem cell-based therapy. Restrictions to the application of stem cells, such as stem cell-related fibrosis, which is caused by the spontaneous fibroblastic differentiation of stem cells, could be well controlled by RNAi-based modification of stem cells [79, 80] . RNAi-regulated gene silencing could also induce the secretion of specific cellular factors. Suppression of miR-383 can augment GDNF secretion, which could enhance the effects of human bone marrow-derived mesenchymal stem cells in treating spinal cord injury [81] . RNAi could also play a therapeutic role by targeting cancer stem cells [82] . For example, silencing stem cell factors in cancer stem cells via RNAi could inhibit the migration and epithelial-mesenchymal transition of cancer stem cells [83] .
Challenges of ncRNA delivery
Despite its great promise, RNAi-based therapy is challenging because of issues related to stability and delivery of siRNA. The action site of siRNA is primarily in the cytosol; however, there are multiple barriers to its delivery that depend on administration route and targeted organs. In general, locoregional delivery of siRNA has fewer barriers than systemic delivery. NcRNA by subcutaneous injection can access the circulation via capillaries or lymphatic drainage from interstitial space, which bypass the first-pass effect. However, the lipophilicity and size of the vectors must be carefully considered for the vectors to avoid phagocytosis. Oral administration is poor in maintaining intestinal stability and sufficient passage across the intestinal epithelium. Thus, the most common mode of administration of RNAi-based therapy is systemic delivery by intravenous or infusion injections.
Chemically unstable features of ncRNAs
The unfavorable physiochemical features of ncRNAs, such as high molecular weight, low stability, negative charge, and high structural stiffness, make it difficult to transport into the cytoplasm [84] . In its native form, ncRNAs are unstable in biologic fluids. Entering the blood, ncRNAs are easily enzymatically degraded by endogenous nucleases. The degraded ncRNAs are then filtered by the kidney and taken up by phagocytes or the reticuloendothelial system (RES). The reported half-life of unmodified siRNA in serum is only about 20 min [85, 86] . Efforts have been made to improve the stability of siRNA in the blood by chemical or structural modification [87, 88] . Various molecular positions could be chemically replaced or modified. For example, modification with hydrophilic and neutral molecules such as polyethylene glycol or non-anionic surfactants substantially prolongs the circulation time of siRNAs [89] . The half-life of the modified siRNAs could be increased by up to 20 times compared with the naked form [90, 91] .
Extracellular and intracellular barriers
To realize the full potential of RNAi therapy, the siRNAs and miRNAs must reach the cytoplasm of the target cells.
To be delivered to the target sites, these RNA molecules must extravasate through the tight junctions of the vascular endothelium. Because of the leaky, discontinuous vessels at tumor sites, the cross-membrane transportation of siRNAs is easier in tumor tissue than in normal tissue [92] . However, tumor microvasculature also presents physiologic barriers, such as the irregular organization of vessels and heterogeneous hyperpermeability [93] . To overcome these challenges in delivering RNAi therapy across the vascular barrier, methods such as targeting of the tumor vasculature and increasing the aqueous solubility of drugs have been applied [93] . Cellular uptake is the next barrier for RNAi. The cellular membrane is made of negatively charged bilayer phospholipids consisting of functional proteins, and siRNAs, which are negatively charged, cannot diffuse passively into the cells. Chemical modification is a classic and commonly used strategy to enhance cellular uptake of oligonucleotides. Although no vehicles are provided, modifications such as lipids and cell-penetrating peptides can facilitate the siRNA delivery process. Lipidic conjugation is one of the earliest studied methods of increasing hepatic uptake of siRNAs. The modified siRNA complex is incorporated into lipoprotein particles and internalized by hepatocytes, which promotes transmembrane delivery of RNAi [94] . After conjugating cell-penetrating peptides with siRNAs or its delivery vectors, the complex is internalized by cells, mainly via direct penetration or endocytosis, which facilitates endosomal escape. Thus, cell-penetrating peptide conjugation increases the uptake of the siRNA complexes and enhances gene silencing [95] . Conjugating the complex, with cholesterol or aptamers in particular, substantially increases cellular uptake [96, 97] . For example, dendritic cells can resist siRNA delivery, but after cholesterol modification, siRNAs could be efficiently delivered to dendritic cells to modify their function [98] . Another option is packaging siRNAs into extracellular vesicles to enter the cells by endocytosis. Conjugated with ligands such as folate or aptamers, siRNAs could be delivered by targeted endocytosis [99] .
Once inside the cells, ncRNAs are trafficked intracellularly, beginning with early endosomes, which then fuse with sorting endosomes, and the contents are transferred into late endosomes. The late endosomes are then relocated to lysosomes, where the ncRNAs are degraded by various nucleases [100] . To get to the RISC complex in the cytoplasm, ncRNAs have to escape the endosome. Approaches to do so would increase either endosomolysis or rupture of the lysosome membrane. Neutrally charged ionizable lipids could be applied to induce lysosome rupture, which could release the siRNA carriers [101] .
RNAi-induced innate immune stimulation and safety
The stimulation of the immune system by RNA molecules could enhance the treatment effect of RNAi against viral infection [102] . However, a high dose of siRNA is known to switch on the innate immune response and the production of cytokines [103] . RNAi could also trigger off-target effects, which is an important challenge. The induction of unanticipated phenotypes could interrupt the interpretation of therapeutic benefits. Unintended transcripts might be regulated by siRNAs, and the processing and function of miRNAs could be interrupted through saturation of the endogenous RNAi machinery by exogenous siRNAs [104] . RNAi-induced innate immune stimulation could thus undermine the safety and efficacy of RNAi, especially for clinical applications.
ARC-520, a targeted RNAi therapeutic against HBV, was among the first antiviral siRNAs to enter clinical development. ARC-520 showed promising therapeutic effects in sustaining reduced HBV antigen levels and virus titers [105] . ARC-520 injection was initially found to induce histamine release through mast cell degranulation, which is preventable. Although ARC-520 entered a phase 2 clinical trial, the U.S. Food and Drug Administration put the trial on hold because of safety concerns due to deaths in non-human primates given the highest dose. The first-in-human trial of miRNA cancer therapy, starting in 2016, investigated the therapeutic effect of MRX34, a liposomal miR-34a mimic, on multiple advanced solid tumors [106] . Unfortunately, it was closed 3 months after its start because of five reported immune-related serious adverse events, including severe cytokine release syndrome in one patient.
The activation of innate immunity might originate from the delivery vehicles or even the process of RNAi itself and presents a challenge to the delivery of RNAi. Ideally, the delivery system should be non-immunogenic and incapable of inducing undesirable side effects. To avoid degradation before reaching the target site, the RNA molecules should be identified as host particles by the innate immune system. One newly demonstrated approach that addresses these considerations is ribose modification, which could decrease cytokine production [107] .
Nanoparticle RNAi delivery systems
To overcome barriers in the delivery process and realize the broad potential of RNAi-based therapeutics, safe and efficient delivery systems are needed to transport ncRNAs to their site of action with minimal adverse effects. These carriers can generally be divided into viral and non-viral vectors. Viral vectors are efficient delivery systems using genetically modified viruses, which offer advantages such as sustained gene silencing and ease of expression of multiple copies of RNAi molecules from one transcript [108] . However, safety concerns such as viral genome insertion into patient chromosomes, immunogenicity of viral vectors, and expensive production restrain the widespread use of viral vectors [109] . Thus, great efforts have been undertaken to introduce synthetic vehicles for the in vivo delivery of ncRNAs.
Nanoparticles are the most common choice for the delivery of RNAi. Unlike viral vectors, which deliver ncRNAs in the form of a viral genome, non-viral carriers deliver native ncRNAs [110] . To administer ncRNAs systemically and allow them to cross physiologic barriers, delivery systems must be engineered to provide serum stability, offer high structural and functional tenability, mitigate interactions with non-target cells, enhance cell entry and endosome escape, resist renal clearance, and generate low toxicity and immunogenicity. A broad diversity of materials has been explored to address the challenges of in vivo delivery, with some successful systems developed by rational design or discovered by high-throughput screens. These systems can be grouped by composition into lipid-based and polymer-based systems. The destiny of siRNA-loaded nanoparticles with desirable structural and functional properties is depicted in Fig. 1. 
Lipid-based nanoparticle delivery systems
Lipid-based nanoparticle (LNP) systems are typically less than 100 nm in diameter and are currently the leading nonviral delivery systems employed to facilitate RNAi delivery. Since the cell membrane mainly consists of lipids and phospholipids, LNPs have a natural tendency to interact well with the cell membrane for cellular uptake [16] . Many biocompatible and biodegradable lipids and phospholipids can be applied to create LNPs. The risk of undesirable immunogenic reactions to lipids is lower than that of most polymeric materials, which have higher molecular weights. Several classes of LNPs have been developed for RNA delivery, most notably liposomes, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers (NLCs).
Liposomes
A liposome is structured as a spherical vesicle with an aqueous core and a bilayer lipid membrane. Unlike other lipid-based systems, which are almost exclusively used for loading lipophilic compounds, liposomes can be easily developed for the entrapment of hydrophilic and ionic molecules. As analogues of biological membranes, liposomes can be taken up by fusing with the plasma membrane; once inside the cell, they are processed via endocytosis, and the genetic material is released into the cytoplasm. Cationic liposomes can form complexes with negatively charged anionic siRNAs and polycations, forming "lipoplexes," which offer biocompatibility and ease of production for clinical applications [111] .
However, because of their positive charge, cationic liposomes can lead to dose-dependent cytotoxicity and inflammatory response, and the complexes may interact nonspecifically with negatively charged serum proteins. To address these issues, neutral lipids are desired. 1,2-Dioleoyl-snglycero-3-phosphatidylcholine (DOPC) is a neutral lipid that has been demonstrated to effectively reduce cellular toxicity [112] . A successful example is DOPC nanoliposomal EphA2-targeted siRNA therapeutic (EPHARNA). EphA2 is a tyrosine kinase receptor in the ephrin family that plays an important role in multiple malignant processes [113, 114] . EPHARNA effectively decreased in vivo EphA2 expression and showed 10-fold improvement in delivery compared with N-[1-(2,3-dioleoyloxyl)propyl]-N,N,N-trimethylammonium methyl sulfate (DOTAP) [115] . Preclinical research on safety in mouse models demonstrated that EPHARNA was well tolerated at all doses, and a phase 1 clinical trial of the agent is ongoing [116] . Another approach to reduce toxicity is the pH-sensitive liposome, which is usually made of neutral phosphatidylethanolamine (PE), with the addition of small pH-sensitive lipids, such as oleic acid and linoleic acid [117] . pH-sensitive liposomes can release drugs in tissues with lower pH values, such as those of the tumor microenvironment compared with normal tissue. Besides decreasing cytotoxicity, pH-sensitive liposomes as a carrier for RNAi could also prolong gene silencing effects and relieve resistance to chemotherapy [118] . To improve the stability of nanoparticles, the most commonly used strategy is shielding the surface with polyethylene glycol (PEG). PEGylation has been widely applied for biomacromolecule delivery. Coating liposomes with PEG can increase the half-life of siRNA [119] and reduce its nonspecific interactions with serum proteins [120] .
Solid lipid nanoparticles
SLNs, with a size range of 50-1000 nm, are composed of a solid lipid core surrounded by a layer of surfactants in an aqueous dispersion, with multiple potential combinations of lipids and surfactants [121] . The lipid components are in a solid state at both body and ambient temperatures. SLNs are among the most effective carriers for hydrophilic and hydrophobic drugs owing to their inclusion of cationic lipids, which provide a positive surface potential that favors binding to nucleic acids; and SLNs can be used for gene delivery [122] .
In RNAi delivery, siRNA can be incorporated into SLNs and provide sustained release of the material [123] . In a study, paclitaxel and human MCL1-specific siRNA (siMCL1) were loaded into SLNs. Compared with paclitaxel or siMCL1 alone, this co-delivery system exerted greater in vitro anticancer effects in the human epithelial carcinoma cell line KB [124] . In other studies, a siRNA-PEG/SLN system containing siRNA against c-Met (an oncogene overexpressed in a variety of carcinomas) was demonstrated to cross the blood-brain barrier to the tumor site after intravenous administration. By silencing of c-Met, tumor growth was inhibited in a dosedependent manner [125] Xue et al. evaluated the in vivo biodistribution of SLNs in a prostate cancer model [126] and found extravascular delivery.
The solid, lipophilic core of SLNs presents an inherent difficulty in fully incorporating RNA molecules, which are hydrophilic and polyanionic. However, this structure can be coated with a RNA molecule or small-molecule drug on the surface, incorporating the lipophilic drugs in the core. Other advantages of SLNs include ease of preparation, excellent physical stability, and low toxicity [127] .
Nanostructured lipid carriers
NLCs are next-generation lipid nanoparticles that combine advantages of different nanocarriers. They are modified SLNs with a solid lipid core in which the lipidic phase can consist of either solid or liquid forms at an ambient temperature [127] . Compared with SLNs, NLCs have more loading capacity and less water in the dispersion, making them more stable for storage. No difference between SLNs and NLCs in biotoxicity has been reported.
Studies have demonstrated that NLCs can be used as a novel delivery tool for the genetic therapy of cancer [128, 129] . NLCs could also be used in co-delivery strategies. For instance, Taratula and colleagues set up a multifunctional NLC system that contained an anticancer drug (doxorubicin or paclitaxel), two siRNAs against cellular resistance (one targeted to MRP1 and the other targeted to BCL2), and a modified analogue of luteinizing-hormone-releasing hormone (LHRH) for targeting lung cancer cells. The system successfully enhanced the antitumor activity of the anticancer drug [130] . NLCs could also be modified to achieve targeted delivery and sustained effects. For example, by manipulation of the degradation process of NLCs, intracellular siRNA kinetics could be tailored to sustain the effects of the siRNAs [131] . This design extended the sustained knockdown period of siRNAs to 9 days, which would be better for clinical use than a shorter duration of effect.
Various strategies have been undertaken to overcome the drawbacks of the current lipid-based systems. Modification and engineering of the lipid structure could enhance transfection with reduced toxicity. A phospholipid molecule typically consists of a cationic head, a hydrophobic hydrocarbon backbone, and a linker region, selectively altering the structure of one or more of these components could be an effective approach. For example, the linker of DOTAP consists of biodegradable ester bonds, so its toxic effects are relatively short term and moderate [132] . The incorporation of fusogenic lipids, such as dioleoylphosphatidyl-ethanolamine, by increasing the interactions between the liposomal and endosomal membranes, could promote endosomal release of the siRNA [133] .
In terms of clinical development, stabilized nucleic acid lipid particles (SNALPs) are among the most studied nanocarriers for the targeted delivery of RNAi [134] . The SNALP system consists of siRNAs surrounded by a lipid bilayer containing a mixture of cationic and fusogenic lipids coated with diffusible PEG. SNALPs, with their high bioavailability, can accumulate at the sites of leaky vasculature. Once accumulated, SNALPs can be internalized easily by cancer cells and the siRNA can be delivered.
Polymer-based delivery
Polymer-based nanoparticles are another well-studied system for the delivery of RNAi. Negatively charged nucleic acids, such as siRNAs, easily form complexes with positively charged polymers, forming polyplexes [135] . Commonly used carriers for this purpose are cationic polymers such as natural DNA-binding proteins, synthetic polypeptides, polyethylenimine, and carbohydrate-based polymers such as chitosan. Chitosan is a biocompatible, biodegradable polysaccharide with low immunogenic properties. However, naked chitosan is incompatible with biologic fluids, which cause particle degradation and reduce the working efficiency. Therefore, structure modification is necessary. PEGylated chitosan polyplexes have distinct mechanisms of endocytosis and macrophage phagocytosis and show reduced non-specific interaction with red blood cells [136] . Polypeptide-modified chitosan is believed to have higher working efficiency and better endosomal escape [137] . Antibody-conjugated chitosan nanoparticles can deliver siRNA to specific cells. In a recent study, transferrin antibody and bradykinin B2 antibody were chemically conjugated with chitosan polyplexes, which delivered siRNA across the blood-brain barrier in a targeted manner, and increased its gene silencing efficiency in astrocytes [138] .
To address the limitations of polymeric and lipid-based nanoparticles, lipid-polymer hybrid nanoparticles (LPNs) have been developed. The unique structure of LPNs, which comprise polymer cores and lipid shells, exhibits complementary characteristics of both of the materials. In one study focusing on the application of LPNs in cancer treatment, lipid/ rPAA-Chol polymer hybrid nanoparticles were modified by PEG and T7 peptide; the hybrid greatly inhibited tumor growth without any activation of immune responses [139] . In a later study, siRNAs and chemotherapeutic drug were codelivered via LPNs, which enhanced the antitumor effect in pancreatic tumor model [140] . The preparation of LPNs consists of a conventional two-step method or an updated onestep method. In the updated method, instead of preparing polymeric nanoparticles and lipid vesicles separately, a single step such as nanoprecipitation after simply mixing polymer and lipid solutions is all that is needed [141] . In a recent study, to address the poor working efficiency of PEI-800 that is less toxic than the ordinarily used PEI-25K, PEI-800 and pHsensitive lipid-based LPNs were synthesized by microfluidic approaches. By this optimization, the delivery ability of PEI-800 was substantially improved, as shown by the stable and efficient knocking down of the target gene [142] .
Other kinds of hybrid carriers besides LPNs have been investigated. For example, hybrid nanocomplexes composed of chitosan, protamine, lecithin, and thiamine pyrophosphate were prepared for the delivery of siRNAs against survivin. The hybrid system had suitable physicochemical properties, superior cellular uptake, and highly efficient gene silencing [143] . Another hybrid carrier was developed for the delivery of siRNAs against neurite growth-promoting factor 2 (NEGF2). With modifications using 2-chloroethylamine hydrochloride and N,N-dimethyl-2-chloroethylamine hydrochloride, gene silencing and inhibition of proliferation were greatly enhanced [144] .
Other delivery systems
Exosomes
Exosomes are natural bio-carriers that have been investigated for the delivery of nucleotides and chemical drugs. Exosomes are phospholipid bilayer vesicles with a diameter of 40-120 nm that originate from endosomes. Exosomes are the smallest type of extracellular vesicle; when multi-vesicular bodies fuse with the plasma membrane, exosomes are secreted out of the cell. They contain a series of cell-specific transmembrane proteins that could guide exosomes to the target cells [145] [146] [147] . When exosomes reach the target, exosomal content is released into the cytoplasm, which results in changes to the intracellular compartment of the recipient cell. Accumulating evidence suggests that exosomes are a superior choice for delivering genetic materials between cells in a natural pathway [148, 149] . An ideal natural nanocarrier, exosomes are suitable for hosting soluble drugs and have high capacity for overcoming biologic barriers, few off-target effects, and low immunogenicity [150, 151] .
Exosomes can be loaded with therapeutic miRNAs and siRNAs using various methods. In brief, by means of a certain treatment of donor cells, synthetic miRNAs or other exogenous RNAs can be introduced into exosomes [152, 153] . A wise choice of donor cell is crucial for achieving an efficient delivery. To date, some have used cell types such as HeLa, HEK-293, and dendritic cells. Because of their small size, exosomes can extravasate selectively into specific lesion sites and can even cross the blood-brain barrier, which is promising for the treatment of neurologic diseases [151] . To improve treatment and reduce side effects, exosomes can be genetically engineered to display ligands/homing peptides on their surface [154, 155] . For example, by placing the GE11 peptide on the surface of exosomes loaded with let-7a miRNA, which can bind specifically with EGFR, let-7a miRNA can be delivered in a targeted manner to breast cancer tissues [156] .
High-density lipoprotein
High-density lipoprotein (HDL), the smallest plasma lipoprotein, is well known as "good" cholesterol because of its cardio-protective properties. Mechanistically, HDL functions as an endogenous vehicle for the transportation and metabolism of cholesterol, phospholipids, and triglycerides. HDL can also transport endogenous proteins, hormones, and miRNA to various organs, indicating that it could serve as a delivery vehicle for nucleic acids. In recent years, HDL has drawn attention as a potential tumor-targeting carrier for RNAibased therapeutics [157] . Scavenger receptor B type I (SCARB1) is a major receptor of HDL; furthermore, because of the biogenesis requirements of tumor growth, many tumor cells overexpress SCARB1. This receptor thus offers a natural, tumor-specific, HDL-dependent delivery method for RNAi [158] . It has been reported that HDL can selectively deliver siRNAs to various types of cancer cells, including breast, ovarian, and liver cancers [159] [160] [161] . In a study comparing tumor accumulation, synthetic HDL was demonstrated to penetrate much deeper into tumor spheroids than liposomes and PEG-liposomes [162] . In addition to having the basic properties of endogenous HDL, synthetic HDL may enable tailored and unique functions. In addition, synthetic HDL could be produced at a large scale, which would facilitate clinical applications.
Targeted delivery
Although improvements in biodistribution of nanoparticles could be attained using techniques such as PEGylation, most nanoparticle therapeutics will inevitably be concentrated in the reticuloendothelial organs such as the liver and spleen. However, the therapeutic window of nanoparticles could be increased by targeted delivery to specific tissues, cells, or microenvironments. Targeted delivery can reduce off-target effects and increase the bioavailability of the therapeutic agent at the target site. This targeting ability is usually conferred by adding a ligand to the ncRNA itself or to the nanoparticle. The molecules most commonly applied as these ligands are described below.
Aptamer
Aptamers are single-stranded short DNAs or RNAs that can specifically bind to various small molecules with high affinity. They are nucleotide analogues of antibodies, which bind with targets in a similar way, in antigen-antibody interactions [163] . Moreover, aptamers are neither immunogenic nor toxic. Thus, they have been widely used for diagnosis and drug delivery. In terms of RNAi delivery, aptamers can facilitate targeted delivery by non-covalent conjugation, forming an aptamer-RNA complex or combination with nanoparticles [164, 165] . A lot of work has explored the potential of aptamer-RNA in cancer treatment [166, 167] . In a recent study, RNA nanoparticles were constructed using anti-prostate-specific membrane antigen RNA aptamer as a targeting ligand and anti-miR-17 or anti-miR-21 as therapeutic modules. After being administered systemically, the complex bonded selectively with the tumor tissue and repressed tumor growth [168] . In another study to target metastatic breast cancer cells, aptamer-labeled hybrid nanoparticles were used to deliver siRNA. In vitro studies demonstrated that this aptamer-functionalized complex significantly increased the knockdown efficacy of the siRNA [97] .
Peptide and antibody
Molecules such as peptide ligands and antibodies can selectively bind with their receptors. Conjugated with siRNAloaded nanoparticles, both peptide ligands and antibodies can direct targeted delivery of RNAi [169] . Studies have investigated the potential of peptides in siRNA delivery, and most have focused on cyclic Arg-Gly-Asp (RGD) peptides. The receptor of RGD, alpha V/β integrin, is ubiquitously expressed in tumor endothelial cells and thus offers a potential target. In one study, siRNAs were selectively delivered to the tumor site using an RGD-modified liposomal-siRNA system, resulting in a substantial delay in tumor growth [167] . Rengaswamy and colleagues developed integrin receptortargeted liposome-protamine-siRNA nanoparticles using RGD peptide [170] . Loaded with siRNA against PAX3-FOXO1, the specific fusion transcript for alveolar rhabdomyosarcoma, the complex efficiently inhibited tumor cell proliferation, suggesting that this system is a promising approach to the management of residual disease. Owing to their superior stability and specificity, monoclonal antibodies and antibody parts have attracted much attention as a powerful tool for targeted delivery of RNAi. By linking specific antibodies to nanocarriers, this tumor-specific recognition process could greatly enhance the effect of siRNAs [171, 172] .
Folate
The folate receptor is another popular option for cancerspecific RNAi delivery. Folic acid is needed for rapid cell growth, and the folate receptor is overexpressed in many types of cancer cells. Thus, folate can be used in molecular imaging for cancer detection and can function as a tumor-specific ligand for tumor-targeted delivery. Once the folate-conjugated nanoparticle binds with a folic acid receptor, the complex is transferred through receptor-mediated endocytosis. In an ovarian cancer study, folate-conjugated nanoparticles selectively delivered siRNA into the cancer cells and achieved substantial and sustained knockdown of toll-like receptor 4, which helped re-sensitize the cancer cells to paclitaxel [173] . Some of these promising conjugated delivery systems are already being tested in clinical trials [174] .
Monitoring delivery
To optimize the efficacy of gene silencing and guide the treatment plan, one must track the delivery of RNAi in a non-invasive manner. Generally, monitoring is achieved by RNAi imaging, a process that visualizes the in vivo behavior of RNAi therapeutics in a quantitative and qualitative manner. To date, a variety of imaging modalities have been used alone or in combination, including bioluminescence imaging, magnetic resonance imaging, positron emission tomography, single-photon emission computed tomography, and targeted ultrasonography [175, 176] . The RNAi imaging system includes a nanoparticle whose core has imaging properties as a carrier and reporter, a ligand for targeting, and gene-specific siRNA. One of the most widely studied optical techniques in this setting is fluorescence. By chemically conjugating an exogenous contrast agent to delivery vehicles, fluorescence imaging represents a powerful monitoring strategy [177, 178] .
Magnetic particles are another popular choice for siRNA monitoring. In vivo studies have shown that a magnetic core is capable of probing the site and size of cancer in vivo on magnetic resonance imaging. Magnetic particles have also been shown to effectively monitor treatment effects such as retardation of tumor growth [179, 180] . The imaging of RNAi can monitor the target cells as well, which helps ensure gene silencing efficacy indirectly. A synthesized siRNA conjugated with magnetic nanoparticles and labeled with a near-infrared fluorescent agent Cy5.5 was introduced to islet transplantation for the treatment of type 1 diabetes [181] . At the time of gene silencing, the islets were labeled by Cy5.5. Magnetic resonance imaging and NIGF imaging allowed monitoring of the survival of the transplanted islets.
RNAi delivery addressing MDR in cancer therapy
Despite advances in early detection and chemotherapy, successful cancer management remains a formidable challenge. One reason for this difficulty is the frequent development of MDR after long-term chemotherapy [182, 183] . Overexpression of MDR1 is a widely studied reason for MDR [184] . Nevertheless, a variety of MDR1 inhibitors failed to provide clinical benefit [185, 186] . RNAi-based genetic therapy, with its ability to selectively transport siRNA/ miRNA to the cancer tissue in vivo, could offer opportunities to avoid MDR arising from chemotherapy through the strategy of co-delivery of siRNA and chemotherapy.
This co-delivery incorporates chemotherapy and a MDR modulator into the same nanoparticle to simultaneously deliver two payloads to the same cancer cell population. This strategy could maximize therapeutic effects with a minimal chemotherapy dose; compared with monotherapy, co-delivery leads to a better therapeutic response and increased survival rate in mouse models [187, 188] . RNAi can silence chemotherapy export genes to increase drug accumulation in chemotherapy-resistant cells [189] . To achieve highly efficient co-delivery, some have been focused on targeting or using stimuli-responsive delivery systems [190, 191] . Recently, a tumor-targeted nano-vehicle peptide-conjugated PSPG (PSPGP) was synthesized for co-delivery of paclitaxel and TR3 siRNA [192] . This system enhanced endosomal escape and intracellular degradation, which increased sensitivity to paclitaxel. Overexpression of the erythroblastosis virus E26 oncogene homolog 1 (ETS1) gene is believed to correlate with tumor progression and poor chemotherapy response [193, 194] ; supramolecular nano-assemblies that co-deliver siETS1 and doxorubicin could be another promising approach to reverse MDR [195] . The complex also increases drug residence time at the tumor site, which could further enhance inhibition of tumor growth. The basic mechanisms of chemoresistance in most cancers with MDR include pump and non-pump resistance. Pump resistance, induced by membrane proteins such as P-glycoprotein (MDR1/ABCB1) [196] and MDR proteins (MRP, MRP1/ABCC1) [197] , could help the cells deport drugs, whereas the non-pump resistance could activate the defense against cell death. An RNA nanotechnology platform for a two-in-one RNAi delivery system was demonstrated to generate precisely controlled and biocompatible nanoparticles that silence pump and non-pump resistance genes simultaneously [198] .
Conclusion and future perspectives
Over the last 15 years, RNAi has been widely applied as a promising therapeutic approach to a number of pathologic conditions. Progress has been made in the investigation of target genes and the development of delivery systems for RNAi. In addition, the efficiency of delivery as well as gene silencing have greatly improved over time. However, challenges remain for the successful clinical application of RNAi-based therapeutics. Safety concerns have been the main reason that clinical trials of some RNAi therapies have been withdrawn. Innate immune activation resulting from nanocarriers and RNAi itself is another challenge. An ideally designed delivery system is crucial to achieve effective, targeted gene silencing with low or no toxicity in vivo. Future research is expected to focus on addressing these important issues. Tissue-specific ligands with greater stability and affinity are also anticipated to improve the delivery systems. On the basis of our understanding of the development of RNAi and delivery systems, we believe that these efforts will lead to a new age of molecular therapy in which patients can benefit from safe, efficient, and personalized therapy.
